rotein post-translational modifications are one of the most efficient biological mechanisms for expanding the genetic code and for regulating cellular physiology 1, 2 . The remarkable complexity of PTM networks is exemplified by modifications at the side chain of lysine, one of the three basic residues critical for protein structure and function. Lysine residues in proteins can be subjected to a variety of PTMs, including methylation, acetylation, biotinylation, ubiquitination, ubiquitin-like modifications, propionylation and butyrylation, the last two of which were recently identified by us 3, 4 . Extensive studies in the past few decades have revealed that most, if not all, of these lysine PTMs are important in cellular physiology and pathology [5] [6] [7] [8] . The method of choice for mapping a PTM site uses the molecular weight of the peptide and its fragments, which can be determined by mass spectrometry. The PTM induces both a structural change and a mass shift to its substrate residue. For example, lysine acetylation and lysine dimethylation lead to mass increases of 42.0106 and 28.0313 daltons (Da), respectively. To map PTM sites, one or a few PTMs of interest are typically prespecified during the protein sequence alignment of MS/MS data 9 . Recent advances in nonrestrictive sequence alignment make it possible to identify PTMs without prior specification of mass shifts that are induced by undescribed PTMs 10, 11 , enabling identification of new PTMs. Here we report the identification and verification of a previously unreported form of PTM: lysine succinylation. The lysinesuccinylated peptide FTEGAF Succ KDWGYQLAR of Escherichia coli isocitrate dehydrogenase was initially identified on the basis of a mass shift of 100.0186 Da at the lysine residue by HPLC-MS/MS analysis, sequence alignment using PTMap and manual verification. Four succinyllysine (1) peptide candidates identified from three proteins (isocitrate dehydrogenase, serine hydroxymethyltransferase and glyceraldehyde-3-phosphate dehydrogenase A (GAPDH)) were then comprehensively verified by four independent methods: western blot analysis, in vivo labeling with isotopic succinate, MS/MS and HPLC coelution of their corresponding synthetic peptides. In addition, we also show, by MS/MS and HPLC coelution of methylmalonyllysine (the succinyllysine isomer), that the detected mass shift of 100.0186 Da is caused by succinylation rather than methylmalonylation. Mutagenesis analysis of the succinylated lysine residues of isocitrate dehydrogenase indicated the importance of these sites for keeping the protein's enzymatic activity. By carrying out affinity purification using an anti-succinyllysine antibody, we identified 69 succinyllysine sites among 14 E. coli proteins. The results conclusively established that lysine succinylation is a naturally occurring lysine modification.
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RESULTS

Da mass shift in isocitrate dehydrogenase
Isocitrate dehydrogenase, a citric acid cycle (TCA cycle) protein, catalyzes the third step of the cycle: the conversion of isocitrate to α-ketoglutarate and CO 2 . This step is the rate-limiting step in the TCA cycle. Our earlier proteomics studies on lysine-acetylated proteins showed that this protein is lysine acetylated not only in E. coli cells but also in mouse mitochondria 12, 13 . To examine other possible PTMs in the protein, we purified Histagged isocitrate dehydrogenase from E. coli K-12 using Ni-NTA agarose beads (Supplementary Methods). The isolated protein was resolved in SDS-PAGE gel, excised from the gel ( Supplementary  Fig. 1 ) and in-gel digested for HPLC-MS/MS analysis. We used an algorithm that enables the identification of all possible PTMs, called PTMap, to analyze the resulting MS/MS data.
Notably, we identified a tryptic peptide, FTEGAFKDWGYQLAR, as having a mass shift of 100.0186 Da (precursor ion mass at m/z 944.9487) localized at the lysine residue Lys242. The accurate mass shift was used to deduce the possible PTM. On the basis of the annotation from Unimod (http://www.unimod.org/)-an online protein modification database for mass spectrometry-the most likely structure for this mass shift is a succinyl group or its isomer, a methylmalonyl group (Fig. 1) .
Verification of a lysine-succinylated peptide candidate
Identical peptides have the same MS/MS patterns and coelute in HPLC, which is the gold standard for confirming peptide identification. To verify that the PTM with a mass shift of 100.0186 Da represented a PTM induced by succinylation, we synthesized a succinyllysine peptide bearing the same sequence as the in vivo one. We analyzed both the in vivo-derived peptide and its synthetic counterpart by HRMS. MS/MS of the in vivo peptide matched perfectly with that of the synthetic counterpart ( Fig. 2a ; MS/MS spectrum with the detailed peak assignment is included in Supplementary Fig. 2 ).
In contrast, the MS/MS spectrum from a peptide containing a methylmalonyllysine residue, FTEGAF MeMal KDWGYQLAR, showed a notably different pattern ( Fig. 2a; its MS/MS spectrum with the detailed peak assignment is shown in Supplementary Fig. 3 ) from that of the same peptide bearing a succinyllysine residue (either in vivo or synthetic version). The peptide containing a methylmalonyllysine, but not a succinyllysine, showed significant neutral loss of CO 2 peaks (−43.9898 Da for singly charged ions or −21.9949 Da for doubly charged ions). The resulting MS/MS result can be used as additional evidence to distinguish the lysine-succinylated peptide from lysine-methylmalonylated peptide.
The coelution experiment using HPLC-MS/MS demonstrated that the in vivo peptide, the synthetic succinyllysine peptide and a mixture of the two had similar retention times, and the mixture showed a single coeluted peak (Fig. 2b) , further suggesting that the observed 100.0186 Da mass shift was derived from lysine succinylation. In addition, the synthetic methylmalonyllysine peptide showed a longer retention time than its corresponding lysine-succinylated peptide in the reversed-phase HPLC coelution chromatogram (Fig. 2c) , indicating that the mass shift is not caused by methylmalonylation.
Confirmation of lysine succinylation using western blot
To further verify the lysine succinylation in isocitrate dehydrogenase, we developed a pan-anti-succinyllysine antibody using a method previously described 14 . The specificity of the antibody was confirmed by dot-spot assay (Fig. 3a) .
We performed western blot analysis using the purified E. coli isocitrate dehydrogenase with the anti-succinyllysine antibody. Through western blotting, a specific band was detected whose signal could be competed away by a peptide library bearing a fixed succinyllysine (Fig. 3b) . This experiment provides additional evidence of lysine succinylation in isocitrate dehydrogenase. In vivo In addition to isocitrate dehydrogenase, we also carried out western blot analysis in protein whole-cell lysates from E. coli, Saccharomyces cerevisiae, Drosophila melanogaster, Mus musculus and Homo sapiens cells (Fig. 3c) . The results showed that signals derived from the full spectrum of cellular proteins can be detected by the antibody and can be efficiently competed away using a peptide library bearing a fixed succinyllysine. This experiment suggests that there are many protein substrates for lysine succinylation among these cells and that this PTM is evolutionarily conserved.
Taken together, the experiments described above conclusively verify that the mass shift of 100.0186 Da was caused by lysine succinylation and not by lysine methylmalonylation, shown by three independent methods: MS/MS, coelution in HPLC and western blot analysis.
Lysine succinylation in other two E. coli proteins
As succinyllysine signals were detected in a wide range of cellular proteins by western blot analysis of bacterial whole-cell lysates, we asked whether lysine succinylation is present in other E. coli proteins. To address this issue, we isolated two additional proteins, serine hydroxymethyltransferase and GAPDH (Supplementary Fig. 1 ). Lysine succinylation was detected in both proteins by western blot analysis (Fig. 3b) . The isolated proteins were in-gel digested and analyzed by nano-HPLC-MS/MS. We detected succinyllysine residues in peptides GGSEELY Succ KK ( Fig. 4a; its MS/MS spectrum with the detailed peak assignment is included in Supplementary Fig. 4) and NLTG Succ KEADAALGR (Supplementary Fig. 5a ) from serine hydroxymethyltransferase and GASQNIIPSSTGAA Succ KAVGK (Supplementary Fig. 6 ) from GAPDH. The identification of these peptides was confirmed by MS/MS and coelution in HPLC using their corresponding synthetic succinyllysine peptides (Fig. 4b and  Supplementary Figs. 5 and 6) . Similar to the peptide identified from isocitrate dehydrogenase, the synthetic methylmalonyllysine peptide, GGSEELY MeMal KK, was more retentive on the C12 column than its corresponding succinyllysine counterpart (Fig. 4c) . Additionally, the neutral loss of CO 2 peaks was only observed in methylmalonyllysine peptide (Fig. 4a) . These unique features can be used to distinguish succinyllysine peptides from methylmalonyllysine peptides.
In vivo isotopic succinate labeling
Sodium acetate was used to label lysine acetylation to confirm its in vivo existence 15 . We rationalized that sodium succinate (2) may be used by cells in a similar fashion as sodium acetate for lysine acetylation. After entering the cells, sodium succinate can be converted into succinyl-CoA by succinyl-CoA synthetase 16 . Indeed, sodium succinate significantly enhanced the global profile of lysine succinylation (Fig. 5a) . To test whether the isotopic sodium succinate, 2,2,3,3-D 4 -succinate, can be used to label lysine succinylation, we treated E. coli cells with the compound for 40 min. After labeling, we extracted whole-cell lysate and digested the protein with trypsin. The resulting tryptic peptides were subjected to affinity enrichment using anti-succinyllysine antibody, and the enriched peptides were analyzed by HPLC-MS/MS analysis. The study identified succinyllysine-containing peptides bearing either H 4 -or D 4 -succinyl group (Fig. 5b and 
Sequence alignment and mutagenesis analysis
We carried out sequence alignment and studied possible roles of the identified succinylated lysine residues on the basis of the structures of the three proteins. Of the two succinylated lysine residues (Lys100 and Lys242) in isocitrate dehydrogenase, Lys100 is evolutionarily conserved among all six species examined in this study, whereas Lys242 is not (Fig. 6a) . We analyzed the possible interaction of the two residues with other important residues for the enzyme's functions (for example, binding to the cofactors or substrate) ( Fig. 6b  and Supplementary Fig. 7) . Neither Lys100 nor Lys242 is known to be directly involved in substrate binding and catalysis. The unmodified Lys242 residue may also form a salt bridge with nearby residues such as Glu238 and Asp279. Succinylated Lys100 (with a negative charge after the modification) could potentially form a salt bridge with nearby residue Arg119 (within 4 Å), which is one of the residues responsible for the substrate binding. These results suggest that lysine succinylation may affect its enzymatic activity. Similar analysis was carried out for serine hydroxymethyltransferase and GAPDH (Supplementary Figs. 8 and 9) .
To analyze possible functional consequence of lysine succinylation, we carried out mutagenesis experiments. The modified lysine residues, Lys242 and Lys100, were mutated to either arginine (K-to-R mutant), which conserved the positive charge, or glutamate (K-to-E mutant), which mimicked lysine succinylation. Primers that were used for site-specific mutagenesis are shown in Supplementary Table 2. Each mutant protein and its wide-type counterpart were expressed and then purified up to >95% purity (Fig. 6c) . The isolated proteins were used to assay enzymatic activity 17 . Our results showed that mutation of Lys242 to either glutamate or arginine led to a decrease of the enzymatic activity and that the K-to-E mutant had a more significant activity drop than the K-to-R mutant (Fig. 6d) . In a parallel experiment for the analysis of Lys100 mutants, both mutants almost completely abolished the enzymatic activity (Fig. 6d) . We performed circular dichroism spectroscopic analysis on purified the proteins to test conformational changes of these mutants. The mutants (K100R and K100E) folded properly but showed some changes in the alpha helices. In particular, the signal attributable to the alpha helices increased considerably in the K100R mutant, whereas it decreased slightly in the K100E mutant (Supplementary Fig. 10 ). All these results suggest that both Lys242 and Lys100 are important for the activity of isocitrate dehydrogenase and that lysine succinylation is likely to inhibit its enzymatic function.
Lysine succinylation in other substrate proteins
To identify additional succinyllysine peptides in E. coli, peptide immunoprecipitation was carried out using anti-succinyllysine antibody and HPLC-MS/MS analysis. We identified 69 succinyllysine sites among 14 substrate proteins (Supplementary Table 3 and Supplementary Data Set 2). Many of these proteins are involved in the regulation of energy metabolism and translation, two biological processes that are highly connected with cellular energy status, implying a possible role for lysine succinylation in energy metabolism.
In addition to E. coli proteins, we also analyzed affinity-purified GAPDH protein of S. cerevisiae by MS. The study identified one peptide succinylated at Lys225 (VLPELQG Succ KLTGMAFR) (Supplementary Fig. 11 ). This succinylation site is evolutionarily conserved between the yeast protein and its E. coli counterpart (Lys225, Supplementary Fig. 9 ). Additionally, we analyzed the lysine succinylation profiles among different cancer cell lines by western blot analysis. The results showed differential lysine succinylation patterns among the cell lines, which implies a dynamic nature for lysine succinylation in mammalian cells (Supplementary Fig. 12 ).
DiSCUSSiON
Lysine residues are key to the formation of spatial structures of proteins and the regulation protein functions. Lysine is one of the three ribosomally coded amino acid residues with positively charged side chains at physiological pH. Its side chain can be involved in manifold noncovalent interactions in a protein, including van der Waals interactions, hydrogen bonds and electrostatic interactions with negatively charged residues. For example, salt bridge formation between lysine residues and acidic residues is thought to be important in forming the leucine zipper structure 18 . The lysine residue plays a key role in general acid-base catalyzed enzymatic reactions in which proton transfer is required 19 . Neutralization of the basic side chain of lysine could lead to significant effects on protein function, as has been described for lysine acetylation, ubiquitination and methylation 13, 20 . Given the importance of lysine in protein folding and function, it is expected that lysine succinylation is likely to have a significant impact on the substrate proteins.
Lysine succinylation induces more substantial changes to a protein's chemical properties than do lysine methylation and acetylation, two PTMs known to have important cellular roles. At physiological pH (7.4), succinylation, acetylation and monomethylation at a lysine residue will change the charge status from +1 to −1, from +1 to 0 and not at all, respectively. Thus, the change of charge status at the lysine residue caused by succinylation is comparable to that caused by protein phosphorylation at serine, threonine or tyrosine residues (from 0 to −2 charges). In addition, succinylation adds a bigger structural moiety than acetylation or methylation. Accordingly, the more dramatic structural alteration resulting from lysine succinylation, as demonstrated in the mutagenesis experiment, is likely to lead to more significant changes in protein structure and function.
Enzymatic reactions of short-chain lysine acylations, such as acetylation, propionylation and butyrylation, use their corresponding high-energy CoAs to perform reactions. By analogy to these reactions, and in combination with our isotopic succinate labeling experiments and observations of differential succinylation among cancer cell lines (Supplementary Fig. 12 ), we therefore propose that succinyl-CoA is the cofactor of enzyme-mediated lysine succinylation. Succinyl-CoA is an important metabolic intermediate in a variety of metabolic pathways, including TCA cycle, porphyrin synthesis and catabolism of odd-chain fatty acids and some branched-chain amino acids. Homeostasis of succinyl-CoA is critical to normal cellular physiology. Mutations in the genes that are involved in succinyl-CoA metabolism, such as ketoglutarate dehydrogenase, succinyl-CoA-3-ketoacid-coenzyme A transferase and succinyl-CoA synthetase [21] [22] [23] , could lead to diseases. In summary, we present evidence to conclusively establish lysine succinylation as a new PTM. Given the high abundance of lysine succinylation and its induced chemical changes, it is highly likely that lysine succinylation could have important cellular functions. This study provides a stepping stone for dissection of this PTM pathway and studies of its biological significance. NADPH production (340 nm) article NATURE CHEMiCAL biOLOGy doi: 10.1038/nchembio.495 synthesis using Fmoc-Lys(mono-tert-butyl succinate)-OH and Fmoc-Lys(monotert-butyl methylmalonate)-OH (HPLC analysis and purity were included in Supplementary Fig. 13 ).
METHODS
Materials
Isotopic succinate labeling and affinity purification. The E. coli strain K-12 MG1655 was grown aerobically in LB medium at 37 °C with 250 r.p.m. shaking. For in vivo succinyl group labeling, the cultured cells were treated with 160 mM sodium 2,2,3,3-D 4 -succinate (pH 7.5) for 40 min before harvesting. After the collected cells were washed twice with ice-cold PBS, cell pellets were resuspended in a chilled lysis buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 0.5% (w/v) NP-40, pH 8.0) and then sonicated. The unbroken cells and debris were removed by centrifugation, and the supernatant was kept at −80 °C until use. Affinity purification was performed using protein A agarose beads conjugated with 20 μl of anti-succinyllysine antibody at 4 °C for 6 h 13 . The beads were washed three times with 1 ml of NETN buffer (100mM NaCl, 1mM EDTA, 20mM Tris pH 8.0 and 0.5% (w/v) NP-40) and three times with ETN (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA). The bound peptides were eluted from the beads by washing three times with 100 μl of 0.1 M glycine (pH 2.5). The elutes were combined and dried in a SpeedVac.
HPLC-MS/MS analysis and database searching.
The dried peptide samples were dissolved in 3-μl HPLC buffer A (0.1% formic acid in water, v/v) and loaded onto a home-made capillary column (10 cm length with 75 μm ID) packed with Jupiter C12 resin (4-μm particle size, 90-Å pore size, Phenomenex) connected to an Eksigent NanoLC-1Dplus HPLC system (Eksigent Technologies). Peptides were eluted with a 2-h gradient of 2% to 90% HPLC buffer B (0.1% formic acid in acetonitrile, v/v) in buffer A at a flow rate of 200 nl min
